Pyroelectric devices can be operated at ambient temperature without heavy cooling systems.
1 They also have broader and more uniform spectral responsivity and lower cost than infrared detectors based on photon detection mechanism. 1 These highlight the superiority of the pyroelectric detection mechanism. Ferroelectric materials have been found to have a wide range of applications in pyroelectric devices. Up to now, ferroelectric ceramics, barium strontium titanate ͑BST͒, and lead scandium tantalate ͑PST͒ have been utilized for fabricating portable uncooled infrared focal plane arrays ͑UFPAs͒ for military, paramilitary, and commercial imaging applications.
1,2 However, BST and PST, operating under electrical bias, require temperature stabilization, which limits the potential for performance improvement.
1 They also have high dielectric losses due to their polycrystalline nature, which spoils a good temperature sensitivity for the arrays.
The common wisdom concerning selection of materials for pyroelectric devices is to maximize the values of the figures of merit.
1 These generally are considered the appropriate figures of merit, for current responsivity
where p, C v , 0 , r , and tan ␦ are the pyroelectric coefficient, volume specific heat, permittivity of free space ͑8.85ϫ 10 −12 F/m͒, relative dielectric constant, and dielectric loss, respectively. The most relevant to the materials for use in UFPA is the one which determines the specific detectivity ͑D * ͒ of the elements especially when the signal-to-noise ratio in the devices is dominated by the dielectric loss related to Johnson noise.
1,3 Highdielectric loss will increase the leakage current resulting in a large noise and hence degradeing detector performance. We have reported previously that ͓111͔ oriented 0.71Pb͑Mg 1/3 Nb 2/3 ͒O 3 -0.29PbTiO 3 ͑PMN-0.29PT͒ ferroelectric single crystals possess excellent pyroelectric performance. 4 The Curie temperature ͑T C ͒ is well above room temperature, so no bias field and temperature stabilizer are required in practical applications. 4 The attractiveness of the crystals for pyroelectric device applications has stimulated efforts to improve their characteristics, particularly the figure of merit for detectivity. Previous investigations have shown that Mn modification of Pb͑Zn 1/3 Nb 2/3 ͒O 3 -PbTiO 3 ͑PZN-PT͒ single crystals results in reduced dielectric loss. 5 Therefore, we may also expect to reduce dielectric loss to improve the detectivity figure of merit of PMN-0.29PT crystals by modifying with Mn ions for high-performance UFPA applications.
3 mol % Mn-doped PMN-0.29PT ͑Mn-PMN-0.29PT͒ single crystals were grown by a modified Bridgman technique. 6 X-ray diffraction analysis was performed to confirm the presence of a pure perovskite phase. The as-grown crystals were oriented along the ͓111͔ direction using an x-ray diffractometer. The specimens were cut into dimensions of 0.5ϫ 0.5ϫ 0.03 cm 3 . As-prepared specimens were electroded with silver and poled.
Figures 1͑a͒ and 1͑b͒ show the dielectric constant and dielectric loss dependence on frequency and temperature measured by a HP4194A impedance analyzer for ͓111͔ oriented pure and doped PMN-0.29PT crystals. At room temperature, the value of r is nearly independent of frequency between 50 and 10 000 Hz. The value of tan ␦ of doped crystals is 0.0005 at 50 Hz, and increases to 0.0013 at 10 000 Hz, which is much smaller than that of pure crystals. According to the defect chemistry of the perovskite structure, the introduction of charged impurities can change the concentration of oxygen vacancies. According to the principles of crystal chemistry, metallic ions prefer to enter sites with equal valence and similar radii. Therefore, it is expected that when Mn ions are doped into PMN-0.29PT single crystals, they will substitute ͑Mg 1/3 Nb 2/3 ͒ 4+ or Ti 4+ , and oxygen vacancies will be produced, forming a Mn Ti Љ -V O ** defect dipole pair. The domain walls are then pinned by the dopant dipolar defects, which suppresses the dielectric loss. 7, 8 Further evidence of the domain wall pinning can be obtained from the dielectric measurements as a function of temperature as shown in Fig. 1͑b͒ . At T Ͻ 60°C, r and tan ␦ of doped crystals increase slowly with increasing temperature. At ϳ105°C, the ferroelectric rhombohedral-tetragonal phase transition takes place. At ϳ135°C, a diffuse ferroelectric phase transition occurs where statistical composition fluctuations in the nanoscale lead to large fluctuations in T c . 9 Pyroelectric coefficient was measured by a dynamic technique 10,11 using sinusoidal temperature change with amplitude of 1°C at 45 mHz. Figure 2 shows the temperature dependence of pyroelectric coefficient for pure and doped crystals. The value of p of doped crystals increases linearly from 15.6ϫ 10 −4 to 21.1ϫ 10 −4 C/m 2 K with temperature increasing from 20 to 55°C, larger than that of pure crystals. The data indicate that modification of the PMN-0.29PT with Mn pins domain walls, resulting in the increment of the pyroelectric response. On the other hand, the points of similarity between Mn-PMN-0.29PT single crystals and the graded ferroelectrics are inherently nonhomogeneous 12 in the nanoscale, which may result in a pseudopyroelectric response and enhance the pyroelectric properties.
The property parameters of Mn-doped and pure PMN-0.29PT crystals and several pyroelectric materials at room temperature were summarized in Table I . At room temperature, for Mn-PMN-0.29PT crystals figures of merit F i , F v , and F d are 6.48ϫ 10 −10 A / V, 0.11 m 2 / C and 37.1 ϫ 10 −5 Pa −1/2 at 50 Hz, respectively. The values of F i and F v of doped crystals are close to those of pure crystals. The value of F d of doped crystals is improved by a factor of~4 at room temperature as compared with that of pure crystal. This improvement is due to both the significant reduction in dielectric loss and the increment in the pyroelectric coefficient. The results indicate that microstructure controlling of the crystals via doping is an effective way to improve the figures of merit. In addition, F v and F d are much higher than those of the widely used pyroelectric ceramics BST and PST. 1 Such investigation reveals that superior pyroelectric performance makes 3 mol % Mn-doped PMN-0.29PT crystals competent for high-performance UFPA applications. However, we should also mention here that internal stresses due to the difference in the thermal expansion coefficient of Si and Mn-PMN-0.29PT crystals may result in a reduction of the pyroelectric properties in UFPA applications when such devices are fabricated. 13 The pyroelectric crystal-based detection elements operate in the inherent pyroelectric mode requiring operation temperature far below the phase transition temperature. During the process of cutting, thinning, and polishing of the crystals, and depositing electrode and gold black on thin detector elements, temperature of the crystals will increase, and depoling may occur. Therefore, to aid in understanding of pyroelectric stability, we present in Fig. 3 and Fig. 4a comparison of pyroelectric properties of the specimens after going through various treatment processes. The above thermal treatment process was carried out in ambient atmosphere for half an hour with heating and cooling rate of 1°C / min. The pyroelectric coefficient and dielectric properties were measured after going through a series of temperature cycles beginning and ending at room temperature but extending to successively higher temperature. For thermal treatment temperature T Ͻ 60°C, the values of p and r of doped crystal are nearly constant. The thermal stability of doped crystals has been enhanced as compared with pure crystals. The p shows a higher value and r shows a lower value in PMN-PT crystals with domain structure more closely to the monodomain state.
14 The dipolar defects are inclined to align themselves in the direction of the polarization vector within domains, and this alignment is likely to stabilize the domain structure. They may interact with polarization within a domain and render domain switching more difficult. Therefore, the values of F i and F v are nearly independent of thermal treatment temperature for T Ͻ 60°C. However, tan ␦ shows strong dependence upon the thermal treatment temperature.
There is an increase of ϳ22% in tan ␦ after going through 60°C thermal treatment cycle. The decrease in pyroelectric coefficient and increase in dielectric properties degrade the pyroelectric performance F d ͑ϳ12% ͒. The temperature dependence and the long term thermal treatment on the pyroelectric activity show excellent inherent heat-resisting durability of the pyroelectric properties of the crystals. For thermal treatment temperatures T Ͼ 80°C, pyroelectric coefficient decreases and dielectric constant and loss increase rapidly. This indicates an irreversible loss of spontaneous polarization ͑P s ͒ in high temperature thermal treatment cycles, which results from domain switching and phase transition. The results demonstrate that the thermal treatment temperature may strongly affect relative thermal stability and the losses of pyroelectric properties is irreversible near phase transition region. The data may provide valuable information about the relationship between pyroelectric performance and processing conditions. In summary, the pyroelectric properties of ͓111͔ oriented 3 mol %Mn-doped PMN-0.29PT crystals have been investigated. The dielectric loss is suppressed with respect to the undoped parent crystal, resulting in the improvement of the detectivity figure of merit of the crystals. Thermal treatments far below rhombohedral-tetragonal phase transition temperature of these crystals do not degrade the pyroelectric performance significantly. 
